The U n i v e r s i t y o f Kansas Lawrence, Kansas SUMMARY A s w i r l i n g j e t w i t h a s w i r l number o f S = 0.12 i s e x i t e d by p l a n e acoust i c waves a t v a r i o u s S t r o u h a l numbers ( S t = fD/U,).
INTRODUCTION C o n t r o l l e d e x c i t a t i o n o f n o n s w i r l i n g j e t s has been e x t e n s i v e l y s t u d i e d i n t h e p a s t few y e a r s by many i n v e s t i g a t o r s i n c l u d i n g Crow and Champagne ( r e f . l ) ,
Chan ( r e f s . 2 and 31, Moore ( r e f . 4 ) . Hussain and Zaman ( r e f s . 5 and 61, and 
Ahuja e t a l . ( r e f . 7). E x c i t a t i o n a t t h e r i g h t l e v e l and S t r o u h a l number has
been shown t o r e s u l t i n a f a s t e r spread r a t e due t o t h e h i g h e r e n t r a i n m e n t caused by t h e e n g u l f i n g a c t i o n o f t h e l a r g e -s c a l e coherent s t r u c t u r e s i n t h e i n i t i a l r e g i o n o f t h e m i x i n g l a y e r .
Zaman and Hussain ( r e f s . 8 and 9) showed t h a t t u r b u l e n c e i n a c i r c u l a r n o n s w i r l i n g j e t i s enhanced by e x c i t a t i o n a t S t r o u h a l numbers between 0.2 and 0.8 and i s suppressed between 2 and 4. They a l s o concluded t h a t enhancement or suppression o f t u r b u l e n c e n o t o n l y depends on t h e e x c i t a t i o n S t r o u h a l number, b u t a l s o i s a f f e c t e d by t h e n a t u r e o f t h e n o z z l e boundary l a y e r ( i . e . , l a m i n a r , t r a n s i t i o n a l , or t u r b u l e n t ) . Moore ( r e f . 4 ) and Ahuja e t a l .
( r e f .
7) showed t h a t t h e t h r e s h o l d l e v e l o f t h e a c o u s t i c p r e s s u r e e x c i t a t i o n
I D f f o r e f f e c t i v e t u r b u l e n t m i x i n g , and a c o n s e q u e n t i a l j e t n o i s e a m p l i f i c a t i o n , can be taken t o be 0.08 p e r c e n t o f t h e j e t dynamic p r e s s u r e a t t h e c o r r e c t S t r o u h a l number.
T u r b u l e n t j e t s w i t h s w i r l e x h i b i t d i s t i n c t i v e c h a r a c t e r i s t i c s absent
i n t h e i r n o n s w i r l i n g c o u n t e r p a r t s . n e a r f i e l d ( x / D < 5) by t h e s t a t i c p r e s s u r e g r a d i e n t s i n b o t h a x i a l and r a d i a l d i r e c t i o n s , consequently t h e mechanism f o r j e t spread i s m a i n l y an i n v i s c i d phenomenon. S w i r l i n g j e t s a r e a l s o i n h e r e n t l y h i g h l y t u r b u l e n t . The above c h a r a c t e r i s t i c s make these flows n o t e a s i l y r e s p o n s i v e t o any k i n d o f e x c i t at i o n . however, from t h e p o i n t o f view o f i m p r o v i n g t h e performance o f many engine components such as combustion chambers and r o t a t i n g turbomachinery, as w e l l as v o r t e x -l i f t devices f o r e x t e r n a l aerodynamics. S w i r l i n g flows a r e p r i m a r i l y d r i v e n i n t h e M i x i n g enhancement and c o n t r o l o f s w i r l i n g f l o w s a r e o f i n t e r e s t ,
The r e c e n t study of t h e c o n t r o l l e d e x c i t a t i o n of a c o l d t u r b u l e n t s w i r l i n g j e t by t h e a u t h o r s ( r e f s . 10 t o 12), was t h e f i r s t experimental a t t e m p t towards b a s i c understanding o f t h i s phenomenon. flow w i t h s w i r l number o f 0.35 ( d e f i n e d as t h e r a t i o o f t h e f l u x o f a n g u l a r momentum to a x i a l momentum n o r m a l i z e d by n o z z l e e x i t r a d i u s ) . The time-mean a x i a l v e l o c i t y d i s t r i b u t i o n d i d n o t have a " t o p -h a t " r a d i a l p r o f i l e a t t h e nozz l e e x i t . The e x c i t a t i o n l e v e l o f p l a n e a c o u s t i c waves was h e l d c o n s t a n t a t 124 dB a t v a r i o u s S t r o u h a l numbers. The r e s u l t s showed t h a t even though t h e a x i a l v e l o c i t y d i s t r i b u t i o n a t t h e n o z z l e e x i t d i d n o t have a " t o p -h a t " prof i l e , t h e i n s t a b i l i t y waves were a m p l i f i e d r a p i d l y i n t h e streamwise d i r e c t i o n , r e a c h i n g a maximum i n a m p l t i u d e and t h e n decaying f u r t h e r downstream. E x c i t at i o n a t a S t r o u h a l number o f 0.4 e x h i b i t e d t h e l a r g e s t growth. Furthermore, i t was observed from these r e s u l t s t h a t t h e i n s t a b i l i t y waves peaked c l o s e r t o t h e n o z z l e e x i t and t h e i r maximum amplitudes were o n l y about 50 p e r c e n t o f t h e i r c o u n t e r p a r t s i n t h e n o n s w i r l i n g j e t h a v i n g t h e same mass f l u x , Mach number and Reynolds number.
The experiments were conducted f o r a
The o b j e c t i v e o f t h e p r e s e n t s t u d y was t o f u r t h e r i n v e s t i g a t e t h e e x c i t ab i l i t y o f s w i r l i n g j e t s by p l a n e a c o u s t i c waves. The emphasis o f t h e r e s e a r c h was t o s t u d y t h e i n f l u e n c e o f e x c i t a t i o n on mean flow c h a r a c t e r i s t i c s . accomplish t h i s , a new a c o u s t i c d r i v e r s y s t e m capable o f p r o v i d i n g much l a r g e r e x c i t a t i o n amplitudes was used. Also t h e experiments were conducted a t lower s w i r l numbers than t h e p r e v i o u s experiments and w i t h r a d i a l p r o f i l e s o f a x i a l v e l o c i t y t h a t were more n e a r l y " t o p -h a t " . E f f e c t s o f s w i r l number on j e t e x c i t a b i l i t y were s t u d i e d by comparing t h e response o f two j e t s a t d i f f e r e n t s w i r l numbers t o a c o u s t i c e x c i t a t i o n . Some comparisons o f t h e r e s u l t s w i t h t h a t o f a n o n s w i r l i n g j e t generated i n t h e same f a c i l i t y a r e a l s o made. The a i r l e a v i n g t h e d r i v e r s was d i r e c t e d i n t h e t a n g e n t i a l d i r e c t i o n by means o f scoops j u s t i n s i d e of t h e plenum. A f t e r l e a v i n g t h e plenum, t h e s w i r l i n g a i r was passed t h r o u g h a 30 mesh screen and a t r i p -r i n g b e f o r e e n t e r i n g t h e 3.5 i n . (8.89 cm) diameter n o z z l e . The screen and t r i pr i n g were l o c a t e d 13 i n . (33 cm) upstream of t h e n o z z l e e x i t where t h e diameter o f t h e c o n t r a c t i n g s e c t i o n was 5.16 i n . (13.1 cm). The n o z z l e had an 8.66 i n . I n s t r u m e n t a t i o n Three components o f time-mean v e l o c i t y , as w e l l as s t a t i c and t o t a l pressures were measured by a 5-hole p i t o t probe h a v i n g a diameter o f 0.125 i n .
( 0 . 3 1 8 crn) a t t h e measuring t i p . The probe t i p has a 45" cone a n g l e and t h e p r e s s u r e p o r t s a r e l o c a t e d a t t h e midspan of t h e c o n i c a l s u r f a c e . The 5-hole probe i s s e l f -n u l l i n g i n t h e yaw d i r e c t i o n , w h i l e t h e p i t c h a n g l e , time-mean v e l o c i t y components, as w e l l as mean pressures a r e computed from t h e measured
pressures and t h e probe c a l i b r a t i o n curves. and 11 can be consulted.
For f u r t h e r d e t a i l s , r e f e r e n c e s 10
The a x i a l component o f f l u c t u a t i n g v e l o c i t y was measured a l o n g t h e j e t c e n t e r l i n e u s i n g a T S I model 1260A-10 h o t w i r e probe and a DISA model 55M01 c o n s t a n t temperature anemometer employing a DISA model 55M25 l i n e a r i z e r . Along t h e j e t a x i s , t h e t a n g e n t i a l and r a d i a l v e l o c i t y components a r e n e g l i g i b l e compared t o t h e a x i a l component, and t h e r e f o r e t h e r e s u l t s from a s i n g l e element h o t -w i r e probe were assumed t o r e p r e s e n t t h e a c t u a l streamwise v e l o c i t y f l u c t ua t i o n s . The fundamental-rms a m p l i t u d e a t each streamwise l o c a t i o n was o b t a i n e d by a n a l y z i n g t h e h o t -w i r e s p e c t r a a t t h e e x c i t a t i o n frequency. phase a v e r a g i n g technique was a p p l i e d , t h e ampl i t u d e o f t h e fundamental wave was s i g n i f i c a n t l y above t h e background noise, which i n s u r e d n e g l i g i b l e contamin a t i o n o f t h e i n s t a b i 1 i t y wave ampl i tude w i t h background t u r b u l e n t n o i s e .
p r e v e n t t h e probe h o l d e r s u p p o r t from e n t e r i n g t h e f l o w f i e l d and c o n t a m i n a t i n g t h e d a t a due t o i t s v i b r a t i o n , o n l y h a l f t r a v e r s e s were made s t a r t i n g from t h e j e t c e n t e r l i n e f o r b o t h h o t w i r e and 5-hole probe measurements.
Even though no
To E x c i t a t i o n sound p r e s s u r e l e v e l and f l u c t u a t i n g p r e s s u r e s p e c t r a , a t t h e I I c e n t e r o f t h e nozzle e x i t , were measured u s i n g a model 4135 (B & K) microphone.
The microphone has an o u t s i d e diameter o f 0.25 i n . (0.64 cm) and was f i t t e d t h e e x c i t a t i o n frequency, was o b t a i n e d from t h e s p e c t r a o f t h e microphone s i gw i t h a b u l l e t head f a i r i n g . The sound p r e s s u r e l e v e l i n dB ( r e . 20 pPa). a t n a l u s i n g a Wavetek model 804A s i g n a l a n a l y z e r . 1 
I I
Test C o n d i t i o n s I n t h i s study, t h e e x c i t a b i l i t y o f a s w i r l i n g j e t , w i t h a mass flow r a t e o f 1.2 l b / s e c (0.54 kg/sec) was e x p e r i m e n t a l l y i n v e s t i g a t e d . The experiments were conducted by e x c i t i n g a f r e e j e t w i t h a s w i r l number o f S = 0.12 by p l a n e a c o u s t i c s waves. The s w i r l number here i s d e f i n e d as
The maximum time-mean t a n g e n t i a l and a
RESULTS

Mean Flow Measurements The r a d i a l d i s t r i b u t i o n s o f time-mean a x i a l v e l o c i t y a t v a r i o u s downstream l o c a t i o n s a r e p l o t t e d i n f i g u r e 3 ( a ) . h a t " d i s t r i b u t i o n a t t h e n
o z z l e e x i t and t r a n s i t i o n s t o more o f a Gaussian shape a f t e r about 1.5 n o z z l e diameters downstream. The time-mean s w i r l ( t a ng e n t i a l ) v e l o c i t y has a r a d i a l p r o f i l e a t t h e n o z z l e e x i t which resembles t h a t o f a Rankine-type v o r t e x , predominated by solid-body r o t a t i o n , as shown i n f i g u r e 3(b). The downstream decay o f t h e maximum s w i r l v e l o c i t y i s much f a s t e r than t h e decay o f t h e a x i a l v e l o c i t y component, as expected.
The p r o f i l e has almost a " t o p I n s t a b i l i t y Wave Measurements
The j e t was e x c i t e d a t v a r i o u s f r e q u e n c i e s , by p l a n e a c o u s t i c waves. The v a r i a t i o n of t h e rms a m p l i t u d e o f v e l o c i t y f l u c t u a t i o n s a t t h e fundamental e x c i t a t i o n frequency ( u; ) , a l o n g t h e j e t c e n t e r 1 i n e , c o r r e s p o n d i n g t o v a r i o u s e x c i t a t i o n S t r o u h a l numbers, i s shown i n f i g u r e 4. The " p r e f e r r e d " S t r o u h a l number based on t h e n o z z l e e x i t diameter, mass averaged a x i a l v e l o c i t y , and e x c i t a t i o n frequency was about 0.
as i n d i c a t e d i n t h e f i g u r e . The f o r c i n g amplitude o f t h e e x c i t a t i o n a t t h i s frequency was 6.88 p e r c e n t o f t h e time-mean c e n t e r l i n e a x i a l v e l o c i t y a t t h e n o z z l e e x i t (uie/Uce). The a x i a l l o c a t i o n o f t h e " s a t u r a t i o n " p o i n t was a t x/D = 2. t h e growth and decay o f t h e i n s t a b i li t y wave agrees w i t h t h e d a t a o f Raman e t . a1 ( r e f s . 13 and 14) f o r h i g h l y t u rb u l e n t n o n s w i r l i n g j e t s e x c i t e d a t h i g h a m p l i t u d e s . F i g u r e 5 shows t h e streamwise e v o l u t i o n o f v e l o c i t y s p e c t r a a l o n g t h e j e t a x i s a t an e x c i t a t i o n frequency o f 330 Hz ( S t = 0.39). The i s o l a t e d peaks a t 660 Hz ( f i r s t harmonic) and 990 Hz (second harmonic) were n o t a m p l i f i e d b y t h e flow and t h e r e f o r e n o t considered i n t h i s study. Also from t h i s f i g u r e , i t i s c l e a r t h a t no growth of t h e subharmonic (165 Hz) i s experienced i n t h e case o f t h e s w i r l i n g j e t e x c i t e d by p l a n e waves. T h i s o b s e r v a t i o n i s q u i t e d i f f e r e n t from t h a t o f t h e n o n s w i r l i n g j e t s , i n which c o n s i d e r a b l e growth o f t h e subharmonic i s measurable as a r e s u l t o f e x c i t a t i o n a t S t = 0 . 5 ( r e f . 15).
D i s t r i b u t i o n s o f t o t a l a x i a l t u r b u l e n c e i n t e n s i t y a l o n g t h e j e t c e n t e r l i n e for t h e u n e x c i t e d and e x c i t e d ( S t = 0.39) cases a r e compared i n f i g u r e 6 ( a > . I t i s seen t h a t as a r e s u l t o f e x c i t a t i o n , t h e t o t a l a x i a l t u r b u l e n c e i n t e n s i t y a t t h e n o z z l e e x i t has been almost doubled and t h e l o c a t i o n o f i t s maximum v a l u e on t h e j e t a x i s has moved upstream from x / D = 6 t o x / D = 2.5. For a s i m i l a r e x c i t e d j e t w i t h o u t s w i r l , t h e peak v a l u e i s reached a t a l o c a t i o n much f u r t h e r downstream ( x / D = 9) ( r e f . 13).
I n f l u e n c e o f E x c i t a t i o n on Mean Flow The main purpose o f e x c i t i n g t h e j e t i s u s u a l l y t o enhance m i x i n g . A l t e ra t i o n s i n m i x i n g can be observed by comparing t h e mean flow parameters w i t h and w i t h o u t e x c i t a t i o n . The decay o f t h e time-mean a x i a l v e l o c i t y a l o n g t h e j e t a x i s i s compared f o r e x c i t e d and u n e x c i t e d cases i n f i g u r e 6 ( b > . From t h i s f i g u r e i t i s c l e a r t h a t e x c i t a t i o n r e s u l t s i n a f a s t e r decay s t a r t i n g immedia t e l y downstream from t h e n o z z l e e x i t . The f a s t e r decay o f t h e mean c e n t e r l i n e a x i a l v e l o c i t y i s an i n d i c a t i o n of more j e t spreading and enhanced m i x i n g . The enhanced m i x i n g i s f u r t h e r confirmed i n f i g u r e 7, where t h e r a d i a l d i s t r i b ut i o n s o f mean a x i a l v e l o c i t y a t x / d = 7, f o r e x c i t e d and u n e x c i t e d cases a r e compared. The h a l f v e l o c i t y r a d i u s has increased by about 13.2 p e r c e n t as a r e s u l t o f e x c i t a t i o n .
Comparison o f S w i r l i n g and N o n s w i r l i n g J e t s 
The v a r i a t i o n o f momentum t h i c k n e s s a l o n g t h e j e t a x i s f o r t h e u n e x c i t e d s w i r l i n g j e t w i t h s w i r l number
For a g i v e n a x i a l l o c a t i o n , t h i s f i g u r e i n d i c a t e s t h a t t h e momentum t h i c k n e s s f o r t h e s w i r l i n g j e t i s h i g h e r than t h a t o f t h e n o n s w i r l i n g j e t .
t h e n o n s w i r l i n g j e t a t a l l a x i a l l o c a t i o n s . I t a l s o i n d i c a t e s t h a t t h e r a d i a l g r a d i e n t o f t h e time-mean a x i a l v e l o c i t y f o r t h e s w i r l i n g j e t i s l e s s t h a n t h e corresponding value of t h e n o n s w i r l i n g j e t . Since, based on t h e l i n e a r s t a b i li t y t h e o r y ( r e f . 17) t h e growth o f t h e i n s t a b i l i t y wave i s p r o p o r t i o n a l t o t h e magnitude o f t h e mean a x i a l v e l o c i t y g r a d i e n t , then a t a g i v e n l o c a t i o n a l o n g L
n g j e t as compared t o t h e n o n s w i r l i n g j e t under t h e same c o n d i t i o n s . Therefore, t h e e f f e c t o f e x c i t a t i o n on a s w i r l i n g j e t i s l e s s pronounced, compared t o t h e n o n s w i r l i n g j e t . T h i s a l s o suggests t h a t , m i x i n g enhancement o f s w i r li n g j e t s by e x c i t a t i o n r e q u i r e s f o r c i n g a t h i g h e r amplitudes compared to t h e n o n s w i r l i n g j e t s . 
S w i r l
Number V a r i a t i o n To i n v e s t i g a t e t h e e f f e c t of s w i r l number on j e t e x c i t a b i l i t y , t h e 30 mesh screen, which was l o c a t e d upstream o f t h e n o z z l e was removed. As a r e s u l t , t h e maximum time-mean a x i a l and t a n g e n t i a l v e l o c i t i e s were i n c r e a s e d t o 286 f p s (87.2 m/sec) and 86.3 f p s (26.3 m/sec) r e s p e c t i v e l y as shown i n f i g u r e s 9(a> and ( b ) . The s w i r l number was consequently i n c r e a s e d from S = 0.12 t o S = 0.18. D i s t r i b u t i o n s o f time-mean a x i a l v e l o c i t y and t u r b u l e n c e i n t e n s i t y a l o n g t h e j e t a x i s , f o r t h e j e t s w i t h t h e two d i f f e r e n t s w i r l numbers s t u d i e d a r e p l o t t e d i n f i g u r e s 10 and 11. I t seems, from f i g u r e 10, t h a t w i t h an i n c r e a s e i n s w i r l number and w i t h no e x c i t a t i o n , t h e decay o f time-mean a x i a l v e l o c i t y s t a r t e d f u r t h e r upstream and almost immediately a f t e r t h e n o z z l e e x i t , and t h e "nominal" p o t e n t i a l core disappeared. The t u r b u l e n c e i n t e n s i t y a t t h e n o z z l e e x i t i s a l s o i n c r e a s e d for t h e h i
The j e t , w i t h t h e h i g h e r s w i r l number o f S = 0.18, was then e x c i t e d a t t h e same a m p l i t u d e as b e f o r e and a t v a r i o u s f r e q u e n c i e s . Even though t h e i n s t a b i l i t y waves e x h i b i t e d growth a l o n g t h e j e t a x i s ( d a t a n o t shown i n t h i s paper)
, no e f f e c t on spread r a t e and m i x i n g enhancement was observed as a r e s u l t o f e x c i t a t i o n . I n a d d i t i o n t o t h e i s s u e o f decreased r a d i a l g r a d i e n t o f a x i a l v e l o c i t y which was discussed before, another p o s s i b l e e x p l a n a t i o n for t h e above can be seen from f i g u r e 11. The d i s t r i b u t i o n o f t u r b u l e n c e i n t e n s i t y , a l o n g t h e j e t a x i s , f o r t h e u n e x c i t e d j e t a t t h e h i g h e r s w i r l number of S = 0.18 almost c o i n c i d e s w i t h t h a t o f t h e e x c i t e d j e t w i t h S = 0.12. Therefore t h e h i g h e r s w i r l i n g j e t seems t o be s e l f e x c i t e d and consequently may be i n s e n s i t i v e t o any a d d i t i o n a l e x c i t a t i o n . The h i g h e r i n i t i a l t u r b u l e n c e of t h e j e t w i t h s w i r l number o f S = 0.18 compared t o t h e j e t a t S = 0.12 m i g h t a l s o be another e x p l a n a t i o n for u n e x c i t a b i l i t y o f t h i s j e t ( r e f . 15). Accordi n g t o t h i s r e f e r e n c e , " i n c r e a s i n g t h e upstream t u r b u l e n c e d i m i n i s h e s t h e e x c i t a b i l i t y o f t h e j e t and reduces t h e e f f e c t o f e x c i t a t i o n on t h e spreading r a t e o f t h e j e t . "
More p a r a m e t r i c s t u d i e s a r e scheduled t o i s o l a t e t h e o t h e r e f f e c t s such as, maximum t a n g e n t i a l v e l o c i t y a t t h e n o z z l e e x i t and e x c i t a t i o n l e v e l as w e l l as Mach and Reynolds numbers.
CONCLUSIONS
Plane wave a c o u s t i c e x c i t a t i o n r e s u l t e d i n a growth and subsequent decay o f t h e shear l a y e r i n s t a b i l i t y wave o f a s w i r l i n g j e t h a v i n g a s w i r l number o f S = 0.12.
No growth o f t h e subharmonic was observed a l o n g t h e j e t a x i s a t t h e e x c i t a t i o n frequenc i e s examined. The " p r e f e r r e d " S t r o u h a l number, based on mass averaged a x i a l v e l o c i t y and n o z z l e e x i t diameter, was about 0.39.
This b e h a v i o r was s i m i l a r t o t h a t o f a n o n -s w i r l i n g j e t . E x c i t a t i o n a t t h i s frequency r e s u l t e d i n a f a s t e r decay o f time-mean a x i a l v e l o c i t y a l o n g t h e j e t c e n t e r l i n e . The h a l f v e l o c i t y r a d i u s and momentum t h i c k n e s s , a t seven n o z z l e diameters downstream, i n c r e a s e d by about 13.2 and 5.8 p e r c e n t r e s p e c t i v e l y , i n d i c a t i n g more j e t spreading and m i x i n g enhancement. An i n c r e a s e i n s w i r l number, from S = 0.12 t o S = 0.18 r e s u l t e d i n d r a s t i c changes i n t h e time-mean and f l u c t u a t i n g v e l o c i t y d i s t r i b u t i o n s . The t u r b u l e n c e i n t e n s i t y a t t h e c e n t e r o f t h e n o z z l e e x i t was i n c r e a s e d by about 60 p e r c e n t a t t h e h i g h e r s w i r l number. The h i g h e r s w i r l i n g j e t (S = 0.18) was a l s o e x c i t e d a t t h e same amplitudes and v a r i o u s frequencies as b e f o r e . Even though t h e growth o f t h e i n s t a b i l i t y wave was measured a l o n g t h e j e t a x i s , no e f f e c t on t h e j e t spread r a t e and m i x i n g enhancement was n o t i c e d as a r e s u l t o f e x c i t a t i o n . A d d i t i o n a l p a r a m e t r i c s t u d i e s designed t o f u r t h e r i n v e s t i g a t e t h e above phenomenon, w i l l be conducted shortly. 
